The dogma of coupled transcription and translation in bacteria has been challenged by recent reports of spatial segregation of these processes within the relatively simple cellular organization of the model organisms Escherichia coli and Bacillus subtilis. The bacterial species Gemmata obscuriglobus possesses an extensive endomembrane system. The membranes generate a very convoluted intracellular architecture in which some of the cell's ribosomes appear to have less direct access to the cell's nucleoid(s) than others. This observation prompted us to test the hypothesis that a substantial proportion of G. obscuriglobus translation may be spatially segregated from transcription. Using immunofluorescence and immunoelectron microscopy, we showed that translating ribosomes are localized throughout the cell, with a quantitatively greater proportion found in regions distal to nucleoid(s). Our results extend information about the phylogenetic and morphological diversity of bacteria in which the spatial organization of transcription and translation has been studied. These findings also suggest that endomembranes may provide an obstacle to colocated transcription and translation, a role for endomembranes that has not been reported previously for a prokaryotic organism. Our studies of G. obscuriglobus may provide a useful background for consideration of the evolutionary development of eukaryotic cellular complexity and how it led to decoupled processes of gene expression in eukaryotes.
The dogma of coupled transcription and translation in bacteria has been challenged by recent reports of spatial segregation of these processes within the relatively simple cellular organization of the model organisms Escherichia coli and Bacillus subtilis. The bacterial species Gemmata obscuriglobus possesses an extensive endomembrane system. The membranes generate a very convoluted intracellular architecture in which some of the cell's ribosomes appear to have less direct access to the cell's nucleoid(s) than others. This observation prompted us to test the hypothesis that a substantial proportion of G. obscuriglobus translation may be spatially segregated from transcription. Using immunofluorescence and immunoelectron microscopy, we showed that translating ribosomes are localized throughout the cell, with a quantitatively greater proportion found in regions distal to nucleoid(s). Our results extend information about the phylogenetic and morphological diversity of bacteria in which the spatial organization of transcription and translation has been studied. These findings also suggest that endomembranes may provide an obstacle to colocated transcription and translation, a role for endomembranes that has not been reported previously for a prokaryotic organism. Our studies of G. obscuriglobus may provide a useful background for consideration of the evolutionary development of eukaryotic cellular complexity and how it led to decoupled processes of gene expression in eukaryotes.
T ranscription and translation mechanisms are highly conserved across the Tree of Life, but their spatial organization distinguishes prokaryotes from eukaryotes. Prokaryotic coupling of transcription and translation is possible because bacteria lack a physical barrier (nuclear membrane) between the two processes. Coupling allows increased mRNA stability and translational regulation of transcription (1) . Although it is facilitated by colocalization of ribosomes and nucleoid (2) , as seen in the model organism Caulobacter crescentus (3), colocalization is not universal (4) (5) (6) . In both Bacillus subtilis (4) and Escherichia coli (4-6) there is considerable spatial segregation between RNA polymerase (RNAP), which is restricted to the nucleoid, and some of the cell's ribosomes. However, relatively small distances between RNAP and most ribosomes (7) , intrinsic signals that target mRNA to the cell poles (8) , and mRNA chaperone mechanisms (4-6) allow coupling in the absence of colocalization. Beyond these three model species with their relatively simple cellular architecture, the spatial organization of transcription and translation within the enormous diversity of the Bacteria is not well understood.
The planctomycete bacterial species Gemmata obscuriglobus possesses an extensive endomembrane network (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Endocytosis-like behavior (15, 19) suggests that cellular transport may be a primary function of the endomembrane network. On the basis of transmission electron microscopy (TEM), these membranes originally were proposed to be unique to the organism and distinct from the cytoplasmic membrane, forming compartments that enclose the cell's nucleoid(s) (10) (11) (12) (13) . More recent electron tomography studies (14, (16) (17) (18) support (18) or refute (14, 16, 17) this interpretation. The studies of Acehan et al. (16) and Santarella-Mellwig et al. (17) suggest that the endomembranes constitute a highly invaginated cytoplasmic membrane (and thus an extension of the typical Gram-negative cell plan) and that cytoplasmic volumes are all interconnected. These conflicting interpretations support conflicting opinions about the evolutionary relationship of G. obscuriglobus to eukaryotes (20) (21) (22) . Regardless of its evolutionary history, the complex endomembrane network creates a unique cellular context for the spatial organization of gene expression. The convoluted cytoplasm contains some ribosome-like particles that are immediately adjacent to nucleoid(s), but others are spatially distant. However, although these particles are identified as ribosomes through RNase-gold labeling (13) , it is unclear whether active ribosomes are restricted to certain regions, as previously reported for C. crescentus (3). This uncertainty, together with a previous proposal (12) that some translation may be uncoupled from transcription, led us to test the hypothesis that a substantial proportion of G. obscuriglobus translation may be spatially segregated from transcription.
Results

TEM Confirms the Presence of a Complex Endomembrane System in
Cells of G. obscuriglobus. Because the cellular architecture of G. obscuriglobus is variable and dynamic (10, 14, 16, 17) , we performed TEM to compare the ultrastructure of cells from our cultures with that reported previously. We observed the characteristic endomembrane system (single-and double-layered membranes), condensed nucleoid(s), and many regions distal to Significance Eukaryotic (plant and animal) cells possess a nuclear membrane that separates the two stages of gene expression (transcription and translation), whereas prokaryotic (bacteria and archaea) cells lack the nuclear membrane barrier to colocated transcription and translation. However, cells of the bacterium Gemmata obscuriglobus possess extensive intracellular membranes, resulting in superficially eukaryote-like cellular complexity. We have found that a substantial amount of G. obscuriglobus translation is uncoupled from transcription, broadening our understanding of the spatial organization of bacterial gene expression, which currently is based entirely on a handful of model species. This broader understanding provides a useful background for consideration of the evolutionary development of eukaryotic cellular complexity and how it led to decoupled processes of gene expression in eukaryotes. the cell's nucleoid(s) (Fig. 1) , as previously reported for 2D imaging (10, 11, 13) . Because we were limited to 2D approaches, we could not interpret the topology of cell features such as nucleoids (that appear as single or multiple nucleoids in 2D images) or the degree of connectivity of cellular regions and membranes (16, 17) .
Specific Detection of G. obscuriglobus Transcription and Translation
Proteins Through Western Blotting of Whole-Cell Lysates. Genetic manipulation of G. obscuriglobus, which would permit tagging to be used for protein localization, is not yet possible; therefore immunological detection is the only currently available method. We tested both commercially available and custom antibodies for their ability to detect G. obscuriglobus proteins specifically involved in transcription and translation and hence their suitability for localization experiments. RNAP and ribosomal subunit S10 (hereafter, S10) were chosen as markers for transcription and the ribosome, respectively, and transcription factor N-utilization factor G (NusG) served as an indicator of both transcription and translation. Elongation factor Tu (EF-Tu) was selected as a marker of active protein synthesis, because it is an essential component for nascent peptide elongation (23, 24) and can bind only to an assembled ribosome (25) . A commercially available antibody against E. coli RNAP β subunit (RNAP-β) and custom antibodies raised against G. obscuriglobus S10, EF-Tu, and NusG detected single bands of the expected size (150, 13, 47, and 27 kDa, respectively) in Western blots of G. obscuriglobus wholecell lysates (Fig. S1 ).
Anti-S10 and anti-EF-Tu Antibodies Bind to Ribosomes Isolated from G. obscuriglobus. To confirm the binding of primary antibodies to ribosomes, we isolated ribosomal fractions from G. obscuriglobus and E. coli and tested for enrichment of immunoreactive signal. Successful ribosomal enrichment was demonstrated by the presence of RNase-sensitive nucleic acid bands corresponding in size to the 23S and 16S rRNAs (2.9 and 1.5 Kb, respectively), in both the crude pellet (P1) and cytosolic ribosome (P2) fractions (Fig.  S2A) . The P1 and P2 fractions also contained proteins with migration properties characteristic of ribosomal proteins (Fig. S2B ) (26) , although some G. obscuriglobus proteins may differ in size from those in E. coli (Fig. S3) . The ability of our custom anti-S10 and anti-EF-Tu antibodies to detect G. obscuriglobus ribosomes was determined by Western blot analysis of the subcellular fractions (Fig. S4) , with total protein load normalized in each lane (Bradford assay). The anti-S10 antibody yielded signal against the P2 fraction, with a weaker signal (possibly arising from membrane-bound ribosomes) detected in the P1 fraction. Further analysis suggested that the anti-S10 signal was 15-20 times greater in P2 than in P1 (Fig. S5) . The anti-EF-Tu antibody signal was present in all subcellular fractions with an apparent enrichment in P1 (Fig. S4) ; EF-Tu may have this relatively broad distribution because it is not permanently bound to the ribosome.
Evidence for Translating Ribosomes Throughout the G. obscuriglobus
Cell. To determine the cellular location of actively translating G. obscuriglobus ribosomes, we used immunofluorescence microscopy with primary antibodies targeting S10 and EF-Tu and dyes binding DNA (DAPI) and membranes (3,3′-dihexyloxacarbocyanine iodide; DiOC6). S10 and EF-Tu exhibited punctate distribution both proximal to and distant from the cell's nucleoid(s), with a qualitatively greater abundance in distant regions (peripheral areas lacking DAPI signal; Fig. 2 A and B) . To exclude the possibility that the apparent S10 and EF-Tu enrichment in nucleoid-distal regions was caused by reduced access of the antibodies to nucleoid-proximal regions, we also examined the distribution of NusG. This protein interacts with both RNAP and S10 (27) and therefore should be found both tightly associated with the nucleoid(s) and colocalized with the cell's ribosomes, including those distant from the nucleoid(s); we observed the expected distribution (Figs. S6 and S7D).
Quantitative Colocalization Analysis of DNA and Translation Markers Suggests Enrichment of Translating Ribosomes in Regions Distant
from the Nucleoid(s). We performed colocalization analysis of fluorescent signal for individual cells of G. obscuriglobus treated with anti-S10, anti-EF-Tu, and anti-NusG antibodies and stained with DAPI and DiOC6. Pearson correlation coefficients (Rr) (28) were calculated for each pair of fluorescent signals within an individual cell. In all images the background fluorescence was subtracted to reduce its effect on colocalization estimations. Based on the use of 0.5 as an Rr threshold for positive colocalization (29) , neither the anti-S10 nor the anti-EF-Tu signal was completely colocalized with DAPI signal (Fig. 2 C and D) . However, ∼50% of cells showed Rr values greater than zero, representing some degree of signal overlap. In both cell populations examined-anti-S10 and anti-EF-Tu-Rr values for DAPI and DiOC6 colocalization were almost all negative (Fig.  S7A ), serving as a negative control for colocalization. In contrast, the majority of values obtained for ribosome-targeting antibodies and DiOC6 were positive ( Fig. S7B ) and served as a colocalization positive control, chosen because blot data from cell fractionation were consistent with a fraction of G. obscuriglobus ribosomes being membrane bound (Fig. S5 ). To verify that the EF-Tu signal corresponds to actively translating ribosomes, cells were treated with the translation inhibitor chloramphenicol at a concentration of 100 μg/mL. DNA and EF-Tu appeared to be more colocalized ( Fig. S7C ) after translation was inhibited, showing that EF-Tu localization has shifted, possibly because EF-Tu has a lower affinity for nontranslating ribosomes. Last, quantification of the NusG-DAPI signal yielded a correlation of ∼0.4 ( Fig. S7D ), consistent with a distribution of NusG both close to and far from, the nucleoid. This result supports our assertion that cellular regions close to the nucleoid(s) are accessible to the anti-S10 and anti-EF-Tu primary antibodies and that their lack of colocalization with DAPI signal is not caused by inaccessibility.
The G. obscuriglobus RNAP-β Subunit Is Restricted to the Nucleoid(s) and Is Located in Foci. The location of RNAP in G. obscuriglobus cells was visualized by immunoelectron microscopy, probing with anti-RNAP-β primary antibody and a 10-nm gold-conjugated goat anti-mouse secondary antibody (Fig. 3A) . RNAP-β was The image in A suggests that relatively large expanses of peripheral cytoplasm are distant from the nucleoid(s). A prominent internal membrane in A appears to be double-layered and to carry bound ribosomes, as previously reported (10) . With the 2D approaches used in this study, some cells appear to have a single nucleoid (A), and others have multiple nucleoids (B). However, it is difficult to determine nucleoid number accurately in the absence of 3D data. A cell that appears to contain only one nucleoid (A) may in fact harbor another that is not visible in this thin section, whereas the appearance of multiple nucleoids (B) may result from capturing multiple lobes of a single nucleoid in one section. (Scale bars: 200 nm.) localized to the nucleoid(s) of G. obscuriglobus, with gold nanoparticles grouped in one to three clusters per nucleoid. RNAP was concentrated in the nucleoid central region, as also has been described in B. subtilis (4).
Use of Immunoelectron Microscopy and an Antibody-Independent Approach Support the Presence of Active Translation in Cellular
Regions Distant from the Nucleoid(s). To permit higher-resolution localization, we performed immunoelectron microscopy using anti-S10 or anti-EF-Tu primary antibodies and a 15-nm goldconjugated secondary antibody. We also used an antibody targeting dsDNA (and a corresponding secondary antibody conjugated to a smaller gold particle) in both single-and dual-labeling experiments. Use of the anti-dsDNA antibody alone (Fig. 3B) confirmed that it efficiently labeled the condensed nucleoid(s) typical of G. obscuriglobus (Fig. 1 refs. 10, 14, and 30) . The scattered distribution of DNA signal outside the nucleoid(s) most likely is caused by nonspecific interactions of the antibody with proteins and RNA (Fig. S8) .
We proceeded to use the anti-DNA antibody (rather than that targeting RNAP) as a proxy marker for transcription in duallabeling experiments aiming to determine the spatial separation between transcription and translation, because the nucleoid labeled with the anti-DNA antibody occupies a greater cell area than the actively transcribing regions identified with the anti-RNAP antibody (Fig. 3 A and B) . This approach thus could be expected to avoid overestimating the spatial segregation of transcription and translation. In dual-labeling experiments (Fig.  3 C and D) , as in our fluorescence studies, we observed the larger gold nanoparticles indicating the location of S10 and EF-Tu throughout the cell. However, we did not detect significant enrichment of these proteins in particular regions of the cell (Table  S1 ). Immunogold localization of translation markers in combination with electron tomography may be needed to obtain more definitive information about the relative amounts of translation occurring close to and distant from the nucleoid(s).
We also performed fluorescent labeling of ribosomes with gentamicin sulfate conjugated to the succinimidyl ester of Texas Red fluorescent dye (GTTR) (31), which is a previously unused application of this reagent. Because the aminoglycoside antibiotic gentamicin binds to the 16S ribosomal RNA on the 30S small ribosomal subunit A site of the assembled ribosome (32) , it provides a convenient alternative marker of active translation. After exposure of G. obscuriglobus cells to GTTR, we observed Texas Red signal only in regions distant from the nucleoid(s) (Fig. 4A) , as also seen in Saccharomyces cerevisiae (Fig. 4B) . The relatively uniform distribution of GTTR signal provided a contrast to the punctate signal obtained with antibodies and suggests that gentamicin has an effect on ribosomal distribution. This notion is supported by our finding that the anti-S10 signal was distributed more uniformly in the presence of gentamicin (Fig.  S9 ) than in its absence ( Fig. 2A) . The altered ribosomal distribution in the presence of gentamicin could be caused by cellfixation artifacts (33), gentamicin-induced cellular stress (34, 35) , a reduction in the ribosome recycling rate (36) , or an increase in the ratio of monosomes to polysomes (37) .
Discussion
Previous reports of highly unusual cellular ultrastructure in G. obscuriglobus, featuring a complex endomembrane system (10, 11, 13, 14) led us to test the hypothesis (12) that a substantial proportion of G. obscuriglobus translation may be spatially segregated from transcription. Before testing our hypothesis, we demonstrated that, in our hands, G. obscuriglobus cultures do indeed exhibit the previously reported cellular complexity.
The restricted distribution of RNAP-β as a transcription marker within nucleoid-proximal regions suggests that, as expected, these regions are the only sites of active transcription. The localization of RNAP-β in foci is consistent with the distribution reported for B. subtilis (4) but contrasts with its distribution in E. coli (6) . The relationship between RNAP distribution, gene-expression level, and the spatial organization of transcription and translation in these organisms is not yet clear.
We showed that anti-S10 and anti-EF-Tu antibodies could be effective reagents for detecting translation. S10 can be found in both fully and partially assembled ribosomes (38) , whereas EF-Tu can be bound only to an assembled ribosome (22) and thus is a better indicator of active protein synthesis. Further Fig. 2 . Immunofluorescence microscopy detects translating ribosomes in both nucleoid-proximal and nucleoid-distal regions of the G. obscuriglobus cell. Quantitative colocalization analysis suggests enrichment of translating ribosomes in nucleoid-distal regions. (A and B) DNA is stained with DAPI; S10 (A) or EF-Tu (B) primary antibody is stained with Texas Red-conjugated secondary antibody; the merged image (purple) shows merged images of DAPI + S10 (A) or EF-Tu antibody (B). Membranes are stained with DiOC6. The merged image (white) shows DAPI + S10 (A) or EF-Tu antibody (B) + DiOC6. (A) S10 appears to be enriched in nucleoid-distal regions, with a punctate distribution. Arrows indicate ribosomes that are located distantly from the nucleoid and are localized to regions outlined by the DiOC6 membrane stain. (Scale bar: 2 μm.) (B) EF-Tu localization is similar to that of S10, being detected mostly in nucleoid-distal regions, with punctate distribution. Arrows indicate ribosomes that are distant from the nucleoid and are localized to regions outlined by the DiOC6 membrane stain. (Scale bar: 2 μm.) (C and D) For both anti-S10 and anti-EF-TU antibodies, the mean correlation coefficient falls around zero, and the majority of coefficients fall below the 0.5 threshold for positive colocalization of either S10 or EF-Tu with DAPI (0.01 ± 0.16 for S10 and −0.02 ± 0.12 for EF-Tu). Images were subjected to background subtraction across the entire image plane to eliminate false colocalization signals. evidence for the suitability of EF-Tu as a translation marker in exponential growth is that EF-Tu is colocalized with ribosomes during this growth phase in B. subtilis (39) . We showed that both the anti-S10 and anti-EF-Tu antibodies could bind to ribosomeenriched cellular fractions. Although S10 was clearly enriched in the P2 fraction, EF-Tu was distributed more broadly. This broader distribution could be caused by the separation of EF-Tu from the ribosome during fractionation (40) , the role of EF-Tu in cellular processes other than translation (41, 42), or crosscontamination of fractions revealed by this abundant protein (43) . However, the binding of ribosome-enriched cellular fractions by anti-S10 and anti-EF-Tu antibodies allowed subsequent application of the antibodies to localize transcription and translation via immunomicroscopy (in which fraction crosscontamination is not a concern). Both immunofluorescence and immunoelectron microscopy detected S10 and EF-Tu both proximal to and distant from the cell's nucleoid(s), with the fluorescence data showing a quantitatively greater proportion in distant regions. Although we recognize the resolution limitations of fluorescence microscopy for bacteria, we propose that this concern is somewhat mitigated when fluorescence and electron microscopy data are mutually supportive, as they are in this case. The observed distribution suggests similarities between the spatial organization of active translation in G. obscuriglobus and that seen in E. coli and B. subtilis (4, 6) . Inhibition of translation by antibiotic treatment produced a change in EF-Tu distribution in G. obscuriglobus cells, confirming that EF-Tu participates in active translation. The punctate distribution of fluorescent signal for both S10 and EF-Tu may result from the majority of ribosomes occurring as polysomes (44) (45) (46) (47) . However, variations in cytoplasmic mRNA density cannot be excluded.
Use of an antibody-independent approach, i.e., GTTR, showed enrichment of translationally active ribosomes distant from the nucleoid(s), supporting conclusions drawn from immunofluorescence data. Depletion of polysomes in GTTR-treated cells may have shifted the apparent distribution of ribosomes from punctate to more uniform. Sequential treatment of G. obscuriglobus cells with gentamicin followed by anti-S10 antibody showed a more uniform, less punctate distribution of S10 than seen in cells without gentamicin, lending some support to polysome depletion as a cause of the discrepancy in signal distribution.
Our accumulated microscopy data suggest that G. obscuriglobus carries out both translation that is proximal to the nucleoid and thus is likely to be coupled with transcription (although we have no direct evidence of this coupling) and translation that is spatially segregated from transcription. However, both qualitative evaluation of the distribution of translation markers and quantitative analysis of colocalization suggest that translation is enriched in regions distant from the nucleoid(s). If this conclusion is supported by future work, several alternative mechanisms for provision of mRNAs to distal ribosomes could be proposed.
Elements of the nucleoid could "loop out" through cytoplasmic connections between cellular regions proximal to and distant from the nucleoid(s), such as those recently visualized by 3D electron tomography (17) , permitting conventional coupled transcription and translation. More specifically, the proposed nucleoid organization of G. obscuriglobus (30) suggests that coiled DNA forms a hollow rod, a solenoidal structure, that can be bent and twisted to form a periodically ordered condensed nucleoid. Thus, the nucleoid may be able to penetrate the narrow interconnections between cellular compartments in G. obscuriglobus. This scenario is related to the proposed role of nucleoid expansion and the transertion mechanism in coupling transcription to translation (48) .
G. obscuriglobus also could chaperone mRNAs to distal ribosomes in a manner similar to that proposed for B. subtilis (49) . Alternatively, G. obscuriglobus may distribute mRNAs to distal translation sites by simple diffusion as in E. coli (8, 50) . However, we anticipate that the G. obscuriglobus endomembrane network Fig. 3 . Fibrillar bodies within cells of G. obscuriglobus were confirmed as nucleoids, and the site of transcription foci was determined by using antibodies targeting dsDNA and the RNAP-β subunit, respectively. Translating ribosomes were detected in both the nucleoid-proximal and nucleoid-distal regions through immunoelectron microscopy. Quantitative data are provided in Table S1 . would create obstacles to mRNA diffusion or would increase the diffusion distances to an extent that impedes protein synthesis. We do not currently have experimental evidence supporting this speculation.
Last, it is conceivable that G. obscuriglobus possesses specialized mRNA trafficking mechanisms, perhaps connected to the endomembrane system. An intriguing aspect of this last proposal is the reported presence in G. obscuriglobus and its relatives of proteins that structurally resemble membrane coat proteins (51), such as clathrins and nucleoporins. One representative of these proteins has been localized to G. obscuriglobus endomembranes (16, 51) .
We have presented evidence that in the endomembrane-containing planctomycete species G. obscuriglobus, a substantial proportion of active translation likely occurs in regions distant from the nucleoid(s). Our findings have emerged at an interesting time for our understanding of informational macromolecular processing in bacterial cells. Although dogma maintains that most bacterial transcription and translation are directly coupled, recent studies in E. coli and B. subtilis provide evidence for considerable spatial segregation. However, the G. obscuriglobus cell presents an additional layer of organizational complexity relative to these organisms, namely an endomembrane system. We thus report the first evidence, to our knowledge, for spatially segregated transcription and translation in a bacterial cell in which the cytoplasmic volume is convoluted by the presence of membranes that impose considerable distance between the nucleoid(s) and peripheral ribosomes. Our study broadens the understanding of the diversity in spatial organization of bacterial gene expression, which currently is based entirely on a handful of model species. Our results also suggest (but do not directly demonstrate) that endomembranes may provide an obstacle to colocated transcription and translation, a role for endomembranes that has not been reported previously for a prokaryotic organism. This work provides a useful background for consideration of the evolutionary development of eukaryotic cellular complexity and how it led to decoupled processes of gene expression in eukaryotes.
Materials and Methods
Microbial Strains and Growth. Gemmata obscuriglobus DSM5831 T was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany) and grown in standard planctomycete medium (52, 53) . Escherichia coli UCLA #1246 was received from Erin Sanders (University of California, Los Angeles), and Saccharomyces cerevisiae wild-type strain PTY44 was provided by Peter Thorsness (University of Wyoming, Laramie, WY). Specific conditions for culture growth and treatment with gentamicin, GTTR, and chloramphenicol are described in SI Materials and Methods. Synthetic peptides and custom anti-peptide polyclonal antibodies were produced for the G. obscuriglobus proteins S10 (ZP_02734663; full-length protein, 110 aa), EF-Tu (ZP_02733080; full-length protein, 434 aa), and NusG (ZP_02733082; full-length protein, 223 aa) by Pierce Biotechnology, Inc./Thermo Fisher Scientific. Antibody production and Western blot analysis are described in SI Materials and Methods.
Ribosome Isolation and Analysis. The ribosomal isolation procedure was adapted from that of Ban et al. (54) and Moore et al. (55) . Fraction preparation, nucleic acid and protein content analyses, and Western blot analysis are described in SI Materials and Methods.
Immunofluorescence. G. obscuriglobus was grown on M1 agar to exponential phase, and harvested cells were washed two times in PBS. Cells were fixed in 0.5 mL 40 mg/ml paraformaldehyde (Sigma) in PBS for 10 min, followed by three PBS washes. Cells then were permeabilized with cold acetone (−20°C) for 10 min and washed three times with PBS. Samples were blocked in blocking buffer [10 mg/ml milk/PBS/0.05%Tween-20 (10 mg/ml milk/TPBS)] for 1 h at room temperature and were probed with the appropriate primary antibody (1:10 dilution) in blocking buffer for 1 h at room temperature. Specimens were washed three times for 15 min with TPBS and then were probed with goat anti-rabbit Texas Red secondary antibody (T6391, 1:500 dilution in 10 mg/ml milk/TPBS) for 1 h at room temperature. Two further 15-min washes with TPBS and one final 15-min wash with PBS were performed. During the last wash, 1 μg each of DAPI (Invitrogen) and DiOC6 (Molecular Probes) was added per milliliter of sample. Cells were washed three times for 5 min with PBS to remove excess fluorescent dyes. Cells then were mounted on clean glass slides 1:1 with 20 mg/ml low melting agarose (Bio-Rad) solution in PBS.
High-Pressure Freezing and Cryosubstitution. Cryofixation and freeze substitution (FS) for both ultrastructure and immunoelectron microscopy were performed at the Molecular, Cellular, and Developmental Biology Electron Microscopy Facility, University of Colorado-Boulder, using a previously described method (56) . Exponentially growing G. obscuriglobus cultures (OD 600 0.4-0.6; grown for 5 d in Deutsche Sammlung von Mikroorganismen und Zellkulturen 629 liquid medium) were used for FS and further immunogold labeling. Experimental details for FS are described in SI Materials and Methods.
Immunogold Labeling. When necessary, enzymatic digestion was performed on thin sections using a procedure modified from that of Bohrmann and Kellenberger (57); experimental details are described in SI Materials and Methods. Thin sections were blocked in 50 mg/ml normal boiled donkey serum solution diluted in PHEM buffer [60 mM piperazine-N,N′-bis(2-ethanesulfonic acid), 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 10 mM ethylene glycol tetraacetic acid, 2 mM MgCl2, pH 6.5] (Jackson ImmunoResearch Laboratories) in PBS for 1 h at room temperature, incubated for 1.5 h in primary antibody solution (1:10 in blocking buffer), and rinsed three times for 15 min with TPBS. Sections then were incubated in the appropriate gold-conjugated secondary antibody(s) solution (1:10 or 1:2.5 in blocking buffer) followed by two TPBS rinses for 15 min and one PBS rinse for 10 min. For double-antibody labeling, both primary and both secondary antibodies were added to the incubation solution simultaneously. Sections were incubated for 1 h in double-antibody solutions and rinsed as described above. Staining, drying, and storage were performed as described for ultrastructure studies in SI Materials and Methods.
Cell Imaging. Fluorescent microscopy was carried out using an Olympus IX71 inverted microscope equipped with Ludl excitation and emission filter wheels and shutters. Images were acquired at room temperature using a 100× 1.4 NA objective (with 1.6× optivar) and an Orca Flash 2.8 scientific cMOS camera (Hamamatsu). Microscope components and automation were controlled using Metamorph software (Molecular Devices). Ultrastructure and immunogold-labeled images were acquired using a transmission electron microscope (Hitachi H-7000) at 75 kV, a Gatan digital camera, and Gatan software. Fluorescent and electron microscopy images were processed (when specified) and analyzed with ImageJ (National Institutes of Health) and Adobe Illustrator CS6. At least 20 cells were analyzed for each fluorescent, immunofluorescent, and immunoelectron microscopy experiment, and representative images were chosen that depict the most common cellular features. Each fluorescent-channel micrograph was taken with the same exposure time. Level and brightness adjustments were applied across the entire images in blue, green, and red channels to clarify important features.
Colocalization and Statistical Analysis. Colocalization analysis for fluorescence microscopy was performed with ImageJ software using the "Intensity colocalization analysis" plug-in with default parameters (58) . This method of colocalization analysis is used frequently in cell biology (59, 60) . Image processing and statistical analysis for both fluorescent and electron microscopy are described further in SI Materials and Methods.
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